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ABSTRACT
The Global Wheat Program of the International Maize and Wheat Improvement Center (CIMMYT) develops and distributes improved germplasm targeted toward various wheat growing regions of developing world. The objective of our study was to quantify the genetic yield gains in CIMMYT's spring bread wheat (Triticum aestivum L.) in the Elite Spring Wheat Yield Trial (ESWYT) distributed over the past 15 yr (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) as determined by the performance of entries across 919 environments in 69 countries. To determine the annual genetic gains, differences in mean yields of the fi ve highest yielding entries from mean trial yield and mean yield of the widely grown international check 'Attila' were regressed over 15 yr of ESWYT testing. Across locations in all countries, mean yields of the fi ve highest yielding entries showed an annual gain of 27.8 kg ha −1 (0.65%) compared to Attila. Annual yield gains in megaenvironment 1 (ME1) (optimally irrigated), ME2 (high rainfall), Egypt, India, and Pakistan were 27.4 (0.55%), 21.4 (0.62%), 111.6 (1.13%), 32.5 (0.83%), and 18.5 kg ha −1 (0.5%), respectively.
These results demonstrate continuous genetic yield gains in the elite spring bread wheat lines developed and distributed by CIMMYT and the positive outcomes achieved through breeding and the international exchange of elite spring wheat germplasm that have benefi ted national programs throughout the world. environments worldwide with a focus on CIMMYT has characterized the world's diverse wheat production zones into several mega-environments (MEs), and its wheat improvement priorities are targeted accordingly (Rajaram et al., 1995; Braun et al., 2010) . The ME concept has been further substantiated by studies showing wide diversity among the sites where CIMMYT's collaborative yield trials have been evaluated (Trethowan et al., 2001 (Trethowan et al., , 2003 Lillemo et al., 2004 Lillemo et al., , 2005 Tadesse et al., 2010) . This extensive global environmental diversity presents both challenges and opportunities to breeders attempting to develop wheat cultivars with higher yield potential and wider adaptation. The importance of international wheat improvement eff orts for fulfi lling wheat global demands by developing improved varieties was underlined by Dr. Norman E. Borlaug in the early 1960s (Borlaug, 1968) . Historically, CIMMYT's bread wheat breeding program has produced outstanding genotypes with signifi cantly increased grain yield potential (Rajaram, 2005) . 'Kalyansona' and 'Sonalika' are considered wheat mega-varieties of the "Green Revolution" era (Rajaram et al., 1995) . Although numerous CIMMYT-derived varieties have subsequently been released and grown, hallmark post-green revolution mega-varieties developed from 'Veery', 'Kauz', and Attila crosses were widely grown in many developing countries under diff erent names. Previous studies have documented the wide adaptation of outstanding bread wheat genotypes developed at CIMMYT (Rajaram et al., 1983; Pfeiff er and Braun, 1989; Trethowan et al., 2002; Sivapalan et al., 2003; Lillemo et al., 2005; Singh et al., 2007; Tadesse et al., 2010) . In addition, outstanding CIMMYT-derived bread wheat lines have been widely used in crossing programs across the developing world (Braun et al., 1996) and have greatly enriched the genetic diversity of wheat cultivars in many countries (Smale et al., 2002) .
The CIMMYT-derived high yielding varieties have also shown resistance or tolerance to prevalent biotic and abiotic stresses. For example, targeted breeding for rust resistance in the past successfully incorporated high levels of disease resistance into CIMMYT-derived high yielding wheat genotypes . More recently, breeding for durable resistance to leaf rust (Puccinia triticina) and yellow rust (Puccinia striiformis) that is based on minor genes has resulted in high yielding wheat genotypes that show near immunity to these two rusts (Singh et al., 2000 (Singh et al., , 2005 (Singh et al., , 2007 . Incorporation of the 1B/1R rye translocation from winter wheat 'Kavkaz' in the 1970s resulted in the Veery lines (Rajaram et al., 1983; Villareal et al., 1991 Villareal et al., , 1995b . Use of synthetic hexaploids derived from crosses between tetraploid durum wheat (Triticum turgidum L.) and diploid Aegilops tauschii Coss. in the 1990s resulted in several outstanding wheat lines (Villareal et al., 1994 ) that combine high yield with disease resistance (Villareal et al., 1995a) and tolerance to abiotic stresses (Villareal et al., 1998; Trethowan et al., 2005) .
Because world food demand is growing continuously, new wheat varieties must have higher yield potential, tolerate warmer temperatures, and have improved wateruse effi ciency or drought tolerance due to climate change and the dwindling supply of irrigation water. Wheat yield stagnation has been reported in the past decade from regions such as South Asia (Mehla et al., 2000) and Europe (Brisson et al., 2010; Petersen et al., 2010) . Graybosch and Peterson (2010) estimated 0.86 to 1.28% per year genetic gain over the period of 1959 to 2008 in two sets of wheat yield trials from the Great Plains of North America. However, in the later period from 1984 to 2010, the corresponding annual gains were 0.73 and 0.76%, respectively. They specifi cally noted that relative grain yields might have peaked in the early to mid 1990s.
The objective of our study was to examine genetic yield gains in new CIMMYT-derived spring bread wheat germplasm across diverse testing sites worldwide, with a special focus on irrigated and high rainfall environments. Each year since 1981, CIMMYT's spring bread wheat breeding program has been distributing the Elite Spring Wheat Yield Trial (ESWYT), which includes checks and new elite lines targeted for irrigated environments worldwide. We analyzed grain yield performance data from the 16th to the 30th ESWYTs, distributed during 1995 and 2009 and evaluated between 1995 and 2010, to determine grain yield progress since the distribution of hallmark Attila varieties that are grown on millions of hectares in many countries.
MATERIALS AND METHODS
The CIMMYT wheat program annually distributes international yield trials targeted to wheat growing mega-environments predominant in many developing countries through its collaborative international wheat improvement network. There may be one or more diverse testing sites in a given country, depending on climatic variation and the needs of the national wheat research system (Table 1) . Although the ESWYT is targeted toward irrigated environments with higher production, it is often grown in lower yielding environments as well, given the vagaries of year-to-year local climates. Our study used grain yield data for wheat genotypes included in the 16th to the 30th ESWYTs, distributed from 1995 to 2009. Elite Spring Wheat Yield Trials consist of 50 entries and two replicates arranged in an α-lattice design. Each ESWYT includes 45 new bread wheat lines, four CIMMYT checks (not necessarily the same each year), and one local check, presumably the best locally adapted commercial variety at each site. Individual experimental plots grown by the cooperators usually vary in size and are grown using methodology similar to other yield trials managed by the cooperators. A unique randomization was used for each nursery trial site. A fi eld book with instructions for trial management and data recording was provided to each collaborator. Seed packages were prepared and dispatched to collaborators by CIMMYT in Mexico. There are more than 100 sites worldwide where CIMMYT's yield trials are grown annually; however, data recovery is about 50%. This study used available data from 42 to 76 sites per year across 15 yr (Table 1 ). The sites were also identifi ed as belonging to diff erent megaenvironments based on CIMMYT classification (Rajaram et al., 1995) .
Statistical Analysis
The fi rst step of the analysis consisted of computing the best linear unbiased estimates for each wheat line in each year (ESWYT). This was done by adjusting the experimental design (i.e., α lattice) by country, locations within countries, replicates within countries and locations; incomplete blocks within countries, locations, and replicates; line by country; and line by location within country. Replicates within countries and locations and incomplete blocks within countries locations and replicates were considered as random eff ects. All grain yield data used in this study were normally distributed. At CIMMYT all data reported by the collaborators are routinely checked for distribution, and there was absolutely no need to transform the data used in this study. Heterogeneity of within-site error variance was negligible in most and within acceptable range in all trials included in this study. Following the method used earlier by Sayre et al. (1997) , linear regression of the least square mean yield of genotypes over the nursery mean was performed to measure progress over the past 15 yr. Because one way of measuring the rate of progress in a breeding program is through the use of constant check cultivars (Fischer and Wall, 1976) , we used the spring wheat variety Attila because it was included in 11 of the 15 ESWYTs included in this study. Attila is a high-yielding cultivar that has been widely grown in many developing countries with contrasting environments (Rajaram and Braun, 2008) and was one of the best performing entries in the 16th ESWYT, the fi rst time it was distributed. The CIMMYT-derived cultivars Bacanora T88 and WH542, which are derived from CIMMYT cross Kauz and released in Mexico and India, respectively, were the best yielding checks in the 19th and 20th ESWYTs without Attila check. Similarly, BL1724, a variety from Nepal, was the check in the 24th and 25th ESWYTs from which Attila was absent. 
1998/ 1999
Genetic gains in yield over Attila were determined as the slope of the regression line of the mean yield of the fi ve highest yielding lines (HYL) minus the mean yield of Attila across all locations over the years of ESWYT evaluation. Also, the mean yields of the fi ve HYL minus mean yield of the trial across all locations were regressed over the years of ESWYT evaluation.
RESULTS

Location Diversity and Distribution
Elite Spring Wheat Yield Trial data from 919 locations spread over 69 countries were included in this study (Table  1) . These locations were distributed across Africa, Asia, Europe, and North and South America. The largest numbers of trial locations were in India (158), Pakistan (97), and Egypt (86). An analysis of the number of locations in different MEs showed that 39, 17, 5, and 7% of the sites were located in ME1 (optimally irrigated), ME2 (high rainfall), ME4 (rainfed and drought stressed), and ME5 (irrigated and heat stressed), respectively ( Table 2) . Because of the large number of sites, specifi c analyses were conducted for ME1 and ME2 and for individual countries (Egypt, India, and Pakistan), where most sites belong to ME1.
Grain Yield Performance
The four MEs varied greatly for mean grain yield over the 15 yr (Fig. 1) . In 9 out of 15 yr, ME1 and ME2 had higher mean yields than ME4 and ME5. However, there was no clear trend of consistently higher yields between ME1 and ME2. Also, there was no clear trend of consistently higher yields between ME4 and ME5. Mean yields across years were 5.06, 4.68, 3.19, and 4.03 t ha −1 for ME1, ME2, ME4, and ME5, respectively. Attila was included in 11 of 15 yr of ESWYTs. Averaged across all mega-environments, Attila's mean grain yields varied between 3.79 and 5.14 t ha −1 (Table 3 ). Mean grain yields of the HYL varied from 4.15 to 5.65 t ha −1 over 15 yr. Across all mega-environments, the HYL showed grain yields that were up to 18% higher than that of Attila. In ME1, Attila's mean grain yield and that of the HYL varied from 4.47 to 5.80 t ha −1 and from 4.71 to 6.61 t ha −1 , respectively. In ME1, the HYL showed grain yields that were up to 14% higher compared to Attila. In ME2, mean grain yields of Attila and the HYL varied from 2.86 to 5.97 t ha −1 and from 3.49 to 7.03 t ha −1 , respectively. The HYL produced grain yields that were up to 29% higher than that of Attila.
The fi ve HYL had grain yields that were equal to or higher than Attila's and higher than the nursery mean in all 15 yr (data not presented). Considering all megaenvironments, Attila's mean yield was either higher than or equal to the nursery mean in 8 of the 11 yr that it was included in the ESWYTs used in this study (Table 4) . In years when Attila was not included as check, the checks WH542 yielded same as trial mean in 1998/1999, Bacanora 
Gains in Grain Yield Performance over the 15-Year Period
The overall trend for mean yields of the fi ve HYL showed a 6.7 kg ha −1 annual decline relative to the trial means (Fig. 2) . However, compared to Attila across all mega-environments included in this study (ME1, ME2, ME4, and ME5), the means of the fi ve HYL showed an annual yield gain of 27.8 kg ha −1 (417 kg ha −1 over 15 yr), which is about 0.65%. Considering only the ME1 sites, mean yields of the fi ve HYL showed an annual decline of 14.2 kg ha −1 over trial means and an annual yield gain of 27.4 kg ha −1 or 0.55% (410 kg ha −1 over 15 yr) when compared to Attila (Fig. 3) . For ME2, the trend in mean grain yields of the fi ve HYL relative to trial means and Attila showed annual yield gains of 8.7 and 21.4 kg ha −1 or 0.62% (320 kg ha −1 over 15 yr) (Fig. 4 ), respectively. Country-level analysis of all locations in Egypt showed that mean yields of the fi ve HYL had an annual yield gain of 34.1 kg ha −1 relative to trial means (Fig. 5) . However, the mean yield of the fi ve HYL showed an annual gain of 111.6 kg ha −1 or 1.13% (1674 kg ha −1 over 15 yr) compared to Attila across all MEs in Egypt (Fig. 5) . In India, mean yields of the fi ve HYL showed a negative trend (Fig. 6) relative to trial means. However, there was an annual gain of 32.5 kg ha −1 or 0.83% (488 kg ha −1 over 15 yr) compared to Attila across a range of diverse environments representing ME1, ME2, ME4, and ME5. The analysis for Pakistan also indicated that mean yields of the fi ve HYL showed a slight negative trend over trial means (Fig. 7) but there was an annual yield gain of 18.5 kg ha −1 or 0.5% (276 kg ha −1 over 15 yr) relative to Attila across all sites in Pakistan (Fig. 7b) .
DISCUSSION
The ESWYT test sites are representative of various environments in developing countries where spring wheat is grown ( Table 1 ). The range of grain yields recorded across sites worldwide over the 15 yr represented the environmental diversity these trials were exposed to. The wheat growing environments where ESWYTs are annually evaluated represent a wide range of diversity in terms of temperature, precipitation, humidity, irrigation, soil type, and altitude, as shown in previous studies (van Trethowan et al., 2003; Lillemo et al., 2004; Tadesse et al., 2010) . Although the ESWYT is primarily targeted at irrigated wheat-growing environments, the range of values for trial means show that it is also grown in partially irrigated and suboptimal environments. This is important given that water resources for irrigation are dwindling, which could result in ESWYT being tested increasingly under partially irrigated conditions in the future. The relative diff erences in grain yield among ME1, ME2, ME4, and ME5 changed over 15 yr (Fig. 1) . Although ME1 and ME2 had higher mean grain yield than ME4 and ME5 in several years, grain yields of the four MEs were comparable in certain years (1999, 2000, 2007, and 2009 ). Mean grain yields of ME1 and ME2 were comparable in most years; however, they did diff er in certain years (1999, 2001, 2003, 2005, and 2007 ). These results demonstrate annual diff erences in environmental conditions in the four MEs that may either favor or constrain relative wheat yields. This also suggests that in a given year, wheat growing environments could be favorable in one ME and unfavorable in another, representing unpredictable annual climatic patterns across MEs.
The widely grown wheat cultivar Attila showed a declining yield trend over the past 15 yr compared to trial means, which could indicate better performance by the newer entries included in each ESWYT. A decline in mean yield of the fi ve HYL relative to trial mean yield was considered an indication of the increase in yield performance of new breeding lines included in the trial. The mean of the fi ve HYL showed either a constant or a declining trend, due to the improved general performance of a majority of the entries, which reduced the diff erence between the means of the fi ve best performers and the trial means over time. On the other hand, yields of elite lines in CIMMYT's ESWYT are continuously improving, as shown by the mean yields of the fi ve HYL compared to Attila as well as to the nursery mean in diff erent years (Table 4) . This fi nding is in line with reports on the adaptation of spring wheat cultivars to other groups of environment such as high rainfall (Tadesse et al., 2010) and high temperature (Lillemo et al., 2005) and to diff erent conservation agricultural practices . Also, the observed estimates of genetic gains in grain yield in this study are closer to those reported in winter wheat of Great Plains of North America (Graybosch and Peterson, 2010). Even more recently, annual yield progresses in wheat at the rates comparable to our study have been reported in two other studies (Lopes et al., 2012; Xiao et al., 2012) . Lopes et al. (2012) found positive yield gains using a set of 26 spring wheat varieties developed by CIMMYT and released in diff erent countries over the past three decades. In a study of the 13 landmark wheat cultivars developed in China between 1969 , Xiao et al. (2012 estimated annual genetic gains in yield at the rate of 62 kg ha
. Considering all countries where ESWYTs were evaluated in the past 15 yr, the mean yield of the fi ve HYL remained about the same. However, diff erences between the mean of the HYL and that of Attila widened over the years. This was refl ected in the annual yield gain in the mean of fi ve HYL (Fig.  2) . Also, in ME1, the mean yield of the fi ve HYL increased annually, demonstrating the increasing yield superiority of the newer lines over Attila (Fig. 3) . It is particularly important considering that environments in several major wheat producing countries of the developing world (Egypt, India, Mexico, and Pakistan) fall within ME1, where ESWYTs are managed using higher levels of irrigation. This suggests that the elite genotypes in ESWYT have continuously performed better across all locations in ME1. In ME2, the mean yield of the fi ve HYL showed an increasing trend relative to the trial mean and to Attila (Fig. 4) . This shows that newer lines selected through the "Cd. Obregon (ME1)-Toluca (ME2) shuttle breeding scheme" (Ortiz et al., 2007) continuously excelled in performance across all sites and years in ME2.
Increasing trends in the mean yield of the fi ve HYL in comparison to Attila in individual countries (Egypt, India, and Pakistan) suggest that yield gains in CIMMYT-developed elite wheat lines have also occurred at country level. The HYL produced higher yields than Attila in all three countries. Also, the gap between the mean yield of the HYL and that of Attila widened over years in all three countries, suggesting that the new improved genotypes included every year in ESWYT were consistently better performers compared to Attila.
Wheat yield stagnation over the past decade has been reported from both developing and developed countries (Mehla et al., 2000; Brisson et al., 2010) . While media attention in Pakistan focused on wheat yield stagnation a few years ago (Hassan, 2007) , this concern has been voiced more recently in India (Agnihotri, 2011) . In the light of yield stagnation in these two countries, this study's fi nding that superior genotypes in ESWYT have responded better to environmental variations, as shown by the widening yield gap between the fi ve HYL and Attila over the past 15 yr is signifi cant. Similar trends in the yield diff erences between the HYL and Attila across all countries where ESWYT is grown further substantiate that superior yielding lines are continuously being fed into ESWYT. The HYL's yield superiority over Attila is also signifi cant because this variety is still grown on several million hectares in India and various other countries.
There are many factors responsible for wheat yield stagnation (Rajaram, 1999; Brisson et al., 2010; Petersen et al., 2010; Graybosch and Peterson, 2010) ; varieties could be one of them. Rajaram (1999) suggested that to raise yield potential, judicious use of genetic diversity be made to expand genetic variability in wheat cultivars. The diversity present in the pedigrees of the HYL reported in this study qualifi es this assumption of raising yield potential through the best performing lines in ESWYTs. Pedigrees of the highest yielding genotypes included in ESWYTs over the past 15 yr suggest that, with a few exceptions, no particular set of pedigrees has dominated among the best performing genotypes (Table 4 ). The genotypic base of the HYL often included widely adapted genotypes Kauz, Attila, Baviacora, and Pastor as well as genetic contributions from other parents including synthetic wheat. Several parents that contributed to the high yielding genotypes in this study also contain novel morpho-physiological traits (Reynolds et al., 1999) . This reinforces the role of the genetic diversity that is incorporated into new germplasm through the diverse crosses made annually by CIMMYT's wheat breeding program. New CIMMYT-derived spring wheat genotypes, also present in the list of high yielding germplasm in this study, have a diff erent plant type compared to older varieties and adapt well to both raised beds and traditional fl at planting systems (Singh et al., 2007) . Wheat cultivars endowed with genetic diversity for greater yield potential should also possess diversity in disease resistance genes to raise yield potential in developing countries where fungicides use is not common (Rajaram, 1999) . A number of parents contributing to the high yielding genotypes in this study also possess durable yellow rust and leaf rust resistance (Singh et al., 2005 (Singh et al., , 2007 .
CONCLUSIONS
The diverse global wheat testing locations where ESWYTs were evaluated in the past 15 yr encompass many contrasting environmental conditions that might be expected in the future due to climate change. The declining yield of Attila compared to the trial mean over time indicates that new, better performing entries were continuously included in ESWYTs across years. The declining trend in the means of HYL regressed over trial means across years also suggests that an increasing number of entries in the newer trials had higher yields than in the early years of ESWYTs included in this study.
Yield gains shown by the superior lines in ESWYT diff ered in diff erent mega-environments and in various countries within a mega-environment. Nevertheless, the best performing lines always showed higher yields than Attila. Across global ESWYT testing locations, the HYL in individual years maintained their yields over time in comparison to the global check. Also, annual gains in the mean yields of the fi ve HYL compared to Attila were seen in all circumstances. Given that several countries have experienced wheat yield stagnation in the past decade, the fi nding of this study-that is, that the elite lines in ESWYTs have continuously produced higher yields than the widely grown check-is signifi cant for global wheat improvement eff orts. We conclude that there is no evidence for stagnation in the genetic yield gain in the CIMMYT-developed elite lines for irrigated wheat environments worldwide but the genetic yield gain maintains a linear yield potential increase.
